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The inﬂuence of landscape on nutrient concentration and yield was analyzed in a tropical catchment,
the Guare River in northern Venezuela. Spatial and temporal variation in nitrate, SRP and total P were
determined in 15 sites located along the river mainstem and tributaries. Higher nitrate concentrations
and yields were reported from upper sites and both decreased in the downstream direction along the
river mainstem. These trends appear to be related to more pronounced slopes and larger proportions of
agricultural and forest lands in subcatchments located in the upper part of the basin, and dense algal
mats in the lower reaches. Nitrate values were higher during periods of high discharge, suggesting that
nitrate is primarily transported by shallow subsurface ﬂow. SRP represented between 60 and 80% of
total P. Phosphorus concentrations were homogeneous along the river mainstem and showed little
seasonal variation, while yields were higher in the upper basin. Multiple regression identiﬁed slope,
runoff and agriculture as primary predictors of nitrate and phosphorus across the watershed, which
suggests that both natural and anthropogenic landscape characteristics have a strong inﬂuence on
nutrient levels in the Guare catchment.
& 2009 Elsevier GmbH. All rights reserved.Introduction
Nutrients transported by rivers have a profound effect onwater
quality, habitat condition and trophic state of aquatic ecosystems.
In streams, increased nutrient inputs can enhance algal growth
which can lead to hypoxia, alter the structure of food webs and
affect environmental services such as water supply and recreation
(Dodds 2006; Mallin et al. 2006). In temperate streams, changes
in land use and nutrient loading are strongly correlated (Jordan
et al. 1997; Boyer et al. 2002; Filoso et al. 2003; Brodie and
Mitchell 2005). Agriculture, atmospheric deposition and point
source inputs from human population in the catchment have been
identiﬁed as strong predictors for N exports (Howarth et al. 1996;
Jones et al. 2001; Kemp and Dodds 2001), while discharges from
urban centers and wastewater treatment plants and runoff from
agricultural ﬁelds, can represent important sources of P (David
and Gentry 2000, Little et al. 2003; Hart et al. 2004). Other
variables such as riparian cover, catchment geology and topo-
graphy can also inﬂuence nutrient loading (Castillo et al. 2000;
Ekholm et al. 2000; Jones et al. 2001). Several studies have
investigated nutrient transport in undisturbed tropical streams
and rivers (Lewis 1986; McDowell and Asbury 1994; Castillo
2000; Saunders et al. 2006), but information on impacted tropical. All rights reserved.systems is limited. Streams located in the humid tropics can show
a wide range of physical and biological features (Boulton et al.
2008); however, they are mostly located in developing countries,
where socioeconomic factors and conservation and management
practices can result in different impacts of land use changes on
streams compared to those observed in developed nations
(Ramı´rez et al. 2008).
In developed countries, most efforts have focused on control-
ling the input from point sources through wastewater treatment
implementation and phosphate detergent bans (Carpenter et al.
1998; Litke 1999), and as a result diffuse sources remain as the
main source of pollution (Hart et al. 2004; Royer et al. 2004). To
reduce the export of nutrients from diffuse sources, particularly
from cropland, measures such as conservation tillage, fertilizer
management and conservation of highly erodible land have been
proposed (Baker and Richards 2002; Moog and Whiting 2002).
These practices have contributed to a reduction in N and P loading
in some catchments of North America and Europe (Baker and
Richards 2002; Kronvang et al. 2005).
In many developing countries, where wastewater management
has not been implemented, both diffuse and point source pollution
constitute major nutrient sources. In Latin America, about 73% of the
population lives in cities and less than 14% of the municipal
wastewater receives treatment (Howarth and Ramakrishna 2005;
CEPAL 2006). In addition, deforestation is increasing in many
developing regions, with land being converted primarily to
agricultural use (F.A.O. 2007). Although N fertilizer use in Latin
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to 13.5% of North America, it is expected to increase at an annual rate
of 2.4% in the next four years (F.A.O. 2008). In tropical regions, such a
change in land use can have a higher impact than in less humid
areas because the magnitude and duration of precipitation can
increase nutrient losses from the land as well as the vulnerability of
soils to erosion (Pringle et al. 2000). In addition, implementation of
regulations and conservation practices are usually poor, increasing
the impacts of human activities (Ramı´rez et al. 2008). Since changes
in land use in these regions probably will result in greater impacts
on nutrient loading to streams, it is important to understand how
land use at the catchment level inﬂuences nutrient export and
concentration in streams.
In this study, the relationship between landscape variables and
spatial patterns in nitrate and phosphorus were examined in the
Guare catchment in Venezuela. Although a large proportion of the
study catchment is covered by forests, human activities have
disturbed much of the upper basin, inﬂuencing nutrient patterns
along the river mainstem and some tributaries. By using multiple
linear regression, percent agriculture in the catchment, runoff and
slope were identiﬁed as predictors of nitrogen and phosphorus
levels, suggesting that land use and topography can inﬂuence
nutrient export in the Guare catchment.Study area
The Guare River is a tributary of the Tuy River, which drains
into the Caribbean Sea in northern Venezuela. The Guare basin has
a humid tropical climate with a dry season from October to March
and a rainy season from April to September. The Guare catchment
covers an area of 182km2 and it is located between the interior
and the coastal branches of the Coast Mountain Range, exhibiting
a hilly topography. The study watershed is heterogeneous in termsFig. 1. The catchment of the Guare River, Venezuela. Samplingof land use, showing different types of vegetation (forest and
shrubland), crops (horticulture and pasture) and livestock (cattle
and poultry farms) (Carnemolla et al. 1990). Although the
watershed is mostly forested (40%), agriculture and pasture
represent 10% and 12% of the total area, respectively. Agriculture
is primarily concentrated in the upper watershed, representing up
to 45% of the area of some headwater catchments. Nickel mining
is conducted in the catchment of the Mesia River, one of the main
tributaries of the Guare. In addition, the small urban centers of
Ta´cata, Altagracia de la Montan˜a, Las Dolores and San Daniel
account for a total population of 6900 (I.N.E. 2001).Methods
Fifteen sites were selected to cover spatial variation in land
use in the study watershed. The sites were visited between
September 2001 and November 2002 to follow seasonal variation
in discharge. Sampling was conducted in September and Novem-
ber 2001 and January, March, May, June, July, September and
November 2002. All sites were sampled at the same date.
Eight sites were located on the mainstem of the Guare River and
seven sites on the tributaries Las Dolores, Agua Frı´a, Quebrada
Seca, Emilia and Mesia (Fig. 1). Mainstem sites Guare 1 and 2
represented the conditions prevailing in the upper part of the
basin, where agriculture is mostly concentrated, particularly at Las
Dolores catchment (Table 1). In contrast, Emilia is less cultivated
but a large proportion (74%) of the Guare population is located in
this catchment. In Emilia, three sites were sampled so as to detect
the inﬂuence of urban centers such as Bagre and Altagracia de la
Montan˜a, and the inputs of tributaries draining the west side of
the basin, like Quebrada Seca. The Mesia catchment is primarily
covered by scrubland and secondary vegetation. Agriculture and
pastureland are observed along the Guare mainstem.sites at tributaries and mainstem of the river are shown.
Table 1
Landscape characteristics for the catchment above each sampling site.
Site Catchment area (km2) Population (people km2) Buildings (no. km2) Forest (%) Cropland (%) Average slope (%) Runoff (mmd1)
Tributary sites
Las Dolores 10.4 51.1 12.2 45.5 44.5 23.7 1.33
Agua Frı´a 7.5 1.3 0.8 64.8 22.2 27.5 1.57
Quebrada Seca 7.9 0.9 0.8 24.2 13.8 20.2 0.12
Emilia 1 18.2 6.3 1.3 67.8 11.2 21.5 0.86
Emilia 2 44.5 11.0 3.6 45.8 8.8 20.1 0.40
Emilia 3 59.6 56.1 18.3 44.8 10.8 22.0 0.51
Mesia 55.0 0.2 0.3 29.2 0.5 20.5 0.31
Mainstem sites
Guare 1 30.8 28.2 7.2 53.2 29.9 22.9 1.05
Guare 2 35.1 24.7 6.3 51.0 26.8 19.2 0.33
Guare 3 94.9 44.4 13.8 47.0 16.8 20.2 0.50
Guare 4 105.2 42.0 13.3 44.2 15.3 19.9 0.47
Guare 5 115.7 38.5 12.3 44.2 15.0 20.5 0.44
Guare 6 116.3 38.8 12.2 44.0 15.0 20.5 0.44
Guare 7 120.6 37.5 11.8 44.8 14.6 25.4 0.42
Guare 8 175.6 25.8 8.2 39.8 10.2 22.1 0.38
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1:25,000 topographic maps (Direccio´n de Cartografı´a Nacional,
Repu´blica de Venezuela), which were used to outline the
catchment area corresponding to each sampling site. Land use
and cover were classiﬁed from digitized orthophotographs at
1:25,000 based on aerial photographs from 1994 (Servicio
Auto´nomo de Geografı´a y Cartograﬁa Nacional, Repu´blica de
Venezuela). The following land use categories were employed:
forest, scrubland, grassland, agroforestry land (temporarily aban-
doned land covered by secondary vegetation), cropland and urban
land. Slope was derived from a digital elevation model. Five slope
categories were used: 0–10, 11–20, 21–35, 36–50 and greater than
50%. Population and number of buildings were obtained from the
2000 national census (I.N.E. 2001). By using a GIS, land use, slope
and population data were determined for the catchment area
upstream from each sampling site.
At each site, discharge was estimated from measurements
of depth and current velocity (Swoffer 2100 ﬂowmeter) at eight
to ten points at each site cross section. Current velocity was
determined at 40% of depth measured from the streambed.
Temperature and speciﬁc conductance were measured at each
site (Orion 122 conductivity meter). Grab water samples were
collected at each site and transported on ice to the laboratory.
Nitrate (plus nitrite) concentrations were analyzed by the
cadmium reduction method (APHA 1995). As preliminary data
indicated that nitrite concentrations were low (o2mg L1),
hereafter nitrate plus nitrite is referred to as nitrate. Soluble
reactive phosphorus (SRP) was determined in 0.45mmmembrane-
ﬁltered water samples by the ascorbic acid method (APHA 1995).
Total phosphorus was determined in unﬁltered water samples by
digestion with persulphate to SRP (APHA 1995). For each sampling
site and date, instantaneous loads (mg s1) were calculated as the
product of concentration and discharge. Daily yields (g ha1 d1)
were calculated from instantaneous loads (mg s1) converted to
daily loads (g d1), which were divided by catchment area (ha).
Annual yields and loads could not be estimated because discharge
records were not available for the study area.
Stepwise multiple linear regressions with forward selection of
variables were used to analyze the relationship of land use with
nutrient concentrations and export. The dependent variables were
concentration average and daily yield of nitrate, SRP and total P at
each sampling station. Averages were calculated for the Septem-
ber 2001–November 2002 sampling period. The independent
variables were land use, slope, runoff, population and building
density in the watershed upstream from each sampling site. Thepercent of the catchment under the land use categories and
slope intervals described above were considered. In addition, the
average slope was also calculated for each subcatchment. Speciﬁc
runoff (mmd1) was calculated from discharge estimates based
on data collected in this study and catchment area, since
discharge records were not available for the Guare River or its
tributaries. Correlations and bivariate plots between spatial and
nutrient variables were used to select the independent variables
to be included in the stepwise multiple regression analyses.
Variables that showed a signiﬁcant correlation coefﬁcient
(Pearson’s) and a linear trend in the bivariate plots were included
in the regression analysis. The regression analyses were con-
ducted with two data sets: (1) all sampling sites included to
examine the relationships between land use and nutrients across
the watershed and (2) only the nine sampling sites located on the
mainstem of the river. Logarithmic transformations were con-
ducted to meet the normality assumption in some cases. The
signiﬁcance level used was 0.05. Plots of the residual against
predicted values were used to test for homogeneity while
normality was tested by cumulative probability plots and
Kolmogorov–Smirnov test of the residuals. Durbin–Watson test
was used to test for autocorrelation of the residuals.Results
Nitrate concentrations varied from 8 to 880mg L1. Higher
values were reported in the upper basin tributary sites Quebrada
Seca, Agua Frı´a and Las Dolores, where cropland represents a large
proportion of the catchment (14–45%) and poultry farms are
present (Table 1). The lowest concentrations were observed in the
Mesia River, where the proportion of cropland is low (0.5%).
Values decreased in the downstream direction, so that the
concentration at mainstem site Guare 8 was, on average, one-
half of that at site 1. Differences in concentration between the
upper and lower parts of the basin sites were more evident during
the dry than during the wet season (Fig. 2A). Concentrations
showed a marked seasonal variation, increasing in the rainy
period and decreasing during the dry season at all sampling sites
except Quebrada Seca, which most likely received sewage inputs
from poultry farms (Fig. 3). At a mainstem site (Guare 8),
signiﬁcant and strong correlations were observed between
discharge and nitrate concentration (r=0.92 po0.001), and
between discharge and yield (r=0.97 po0.001). Nitrate
concentrations showed a higher seasonal variation at sites
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Fig. 2. Nitrate (A) and Total P (B) average concentrations for the dry (January–May 2002) and wet (September–December 2001 and June–November 2002) seasons at each
sampling site. Error bars represent one standard deviation.
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tributaries (Fig. 2A).
Average nitrate load decreased in the downstream direction
during the dry season while it showed only a 30% increase
between mainstem sites Guare 1 and 8 during the wet season,
despite the twofold increase in discharge (Fig. 4A). Load estimates
indicated that the upper basin tributaries Agua Fria and Las
Dolores provided 68% of the nitrate transported by the river at site
Guare 8, indicating the importance of that portion of the basin as a
source of nitrate. The sharp decrease in load between sites 1 and 2
probably was related to water withdrawal for irrigation. Nitrate
carried by Rı´o Emilia (30% of the load transported at site 8)
explained the load increase between mainstem sites 2 and 3 (Fig.
4A). During the dry season, nitrate load at main stem site 3
(18.9mg s1) was 5 times greater than nitrogen load at site 8(3.6mg s1). Increase in nitrate load at site 6 during the wet
season was probably related to the inputs of Quebrada Palma, an
intermittent tributary of the Guare. Input of Rı´o Mesia during the
wet season was proportional to increase in load between site 7
and 8; however, loads decrease between these sites during the dry
season despite the nitrate contribution (0.45mg s1) of the Mesia.
Nitrate yields ranged 0.12–39gha1 d1 among sampling sites
and reached their highest values during the rainy season,
particularly in September 2002. Highest average yields were
registered at the catchments of Las Dolores (7.39 gha1 d1) and
Agua Frı´a (9.31 gha1 d1). Lowest values occurred at Rı´o Mesia
(0.12 gha1 d1). The Guare at site 8 showed an average yield of
1.22 gha1 d1.
Soluble reactive phosphorus (SRP) concentrations ranged from
10 to 315mg L1 while total P concentrations varied from 14 to
386mg L1. SRP and total P values showed similar temporal and
spatial patterns. P concentrations were homogeneous along sites
located on the mainstem (Fig. 2B). The tributaries Agua Frı´a and
Las Dolores showed the highest values while the average
concentration at Emilia 1 was lower than in the rest of the sites.
However, concentrations at this tributary doubled between sites 1
and 3. SRP and total P concentrations increased during the dry
season and at the beginning of the rainy season (May–June)
(Fig. 5). During a September 2002 storm, P concentrations,
particularly SRP, decreased markedly. SRP represented between
64 and 80% of total P and this proportion was relatively constant
among sampling sites and dates. However, this proportion
decreased below 30% during the September 2002 storm.
In contrast to nitrate, both SRP and total P loads showed a
gradual increase along the mainstem sites during the wet season,
which was consistent with the twofold increase in discharge and
the low variation in P concentrations along the mainstem
(Fig. 4B). As for nitrate, decrease in P loads during the dry season
at site Guare 2 was probably related to water withdrawal for
irrigation. Total P load increase between mainstem sites 2 and 3
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average with 35.8 and 7.0mgP s1 during the wet and dry season,
respectively. Input from the Mesia was also evident between sites
Guare 7 and Guare 8, and the increase in load was proportional to
the tributary input. Similar amounts of phosphorus were found to
be transported at the Guare mainstem site 2 and Rio Emilia site 3,
and the sum of their inputs at mainstem site 3 represented 76% of
the P transported by the river at site 8, indicating that most of the
P transported by the Guare was supplied by the upper basin.
Average SRP daily yields ranged from 0.07 to 1.12 gha1 d1
and total P yields were between 0.11 and 1.68 gha1 d1. Higher
values were observed during the rainy season and at Agua Frı´a
(1.68 gha1 d1) and Guare 1 (0.72 gha1 d1). Lower average
yields were registered at Mesia (0.11 gha1 d1) and Guare 8
(0.30 gha1 d1).
Slope, runoff, cropland and forest cover explained a large
proportion of the variation in N and P, as indicated by the multipleregression analyses (Table 2). The models for nitrate concentration
suggested that catchments with slopes below 10% showed lower
concentrations, probably related to the occurrence of higher
nitrate levels in the upper part of the basin, where slopes are more
pronounced (450%). Runoff explained a large proportion (87%) of
the variation in nitrate yields indicating that catchments with
higher runoff have higher nitrate yields. If Quebrada Seca was
removed from the analysis, a high correlation was also obtained
between nitrate concentration and runoff (r=0.840, po0.0001).
Although the percent of forest explained much of the variation
(91%) in nitrate concentrations among mainstem sites and was the
variable included in the regression model, a signiﬁcant correlation
(Pearson, r=0.89, po0.0001) was also obtained between the
proportion of the catchment covered by cultivated land and
nitrate concentration at mainstem sites. In addition, the percent of
forest and agricultural land at mainstem sites also showed a high
correlation (Pearson, r=0.977, po0.0001), so it is not clear if the
Table 2
Multiple linear regression models between landscape variables and mean nitrate
and phosphorus concentrations (C) and daily yields (Y).
Dependent
variables
Model R2 change
NITRATE
All sampling sites
Concentration C=781.880–14.080*S10 R2=0.518 S10: 0.518
Yield LnY=0.896 Ln runoff+0.646 LnAg
R2=0.981
Ln runoff:
0.866
Ln Ag: 0.115
Main stem sites
Concentration C=–405.500+15.041* FOR R2=0.909 FOR: 0.909
Yield LnY=0.471+0.072*Ag R2=0.989 Ag: 0.989
PHOSPHORUS
All sampling sites
Total P yield Y=1.520+0.085*S_aver+0.078*S50
R2=0.872
S_aver: 0.708
S50: 0.164
SRP yield Y=1.110+0.058*S_aver+0.054*S50
R2=0.860
S_aver: 0.787
S50: 0.073
Mainstem sites
Total P yield Y=0.089+0.022*Ag R2=0.983 Ag: 0.983
SRP yield Y=0.079+0.0093*Ag R2=0.931 Ag: 0.931
Analyses were conducted for two data sets: all sampling sites and mainstem sites.
No signiﬁcant correlations between landscape variables and phosphorus concen-
trations were obtained, so regression analysis was not performed for these
variables. Variables included in the models are the percent of land in the
catchment with slopes between 0 and 10% (S10), the average catchment slope
(S_aver), the percent of land in the catchment with slopes greater than 50% (S50),
the percent of cropland (Ag) and the percent of forest (FOR). R2 changes represent
the amount of variation explained by each variable included in the model.
M.M. Castillo / Limnologica 40 (2010) 322–329 327role of the forest was causal or if it was related instead to its
position in the upper part of the catchment where agriculture
also covers a large proportion of the landscape. Results indicated
that agricultural lands have a strong inﬂuence on nitrate yields
among mainstem sites. No signiﬁcant correlations were obtained
between P concentration and landscape variables, probably
because both SRP and total P concentrations were relatively
homogeneous across the catchment, compared to nitrate. The
variables average slope and percent of land in the catchment with
slopes higher than 50% were included in the regression models
for SRP yields and total P at both tributary and mainstem sites
(Table 2). As was seen for nitrate, the percent of cultivated land in
the catchment was an important predictor for P yields, explaining
a large proportion of the variation in SRP (93%) and total P (98%)
yields at the mainstem sites.Discussion
Spatial and seasonal patterns in the amounts of nutrients in
the Guare River are likely due to a combination of landscape
characteristics and in-stream processes. The results of regression
analyses indicate that slope, speciﬁc runoff, forest and cropland
can inﬂuence spatial patterns of nitrate and phosphorus. A
negative correlation between slope and nitrate concentration,
and a positive inﬂuence of speciﬁc runoff on nitrate yield, suggest
that areas with high slopes and speciﬁc runoff exhibit the highest
nitrate levels. It is known that areas of high slope can have
shallow soils with low water storage capacity and show a rapid
hydrologic response to precipitation (Sidle et al. 2000). This can
enhance the subsurface ﬂow, which can move through the organic
layers of the soil and transport nitrate ﬂushed from these layers
into streams (Welsch et al. 2001; Goller et al. 2005). In the Guare,
a positive and signiﬁcant correlation between average slope andspeciﬁc runoff was obtained (r=0.82 po0.0001). For example,
Agua Frı´a had one of the higher nitrate concentrations and yields
despite not showing the largest proportion of cropland or highest
population density. However, this site had the highest speciﬁc
runoff (Table 1) and the largest proportion of catchment area (9%)
with slopes greater than 36%.
In studies of pristine tropical and North American watersheds,
speciﬁc runoff also has been shown to be a strong predictor of
nitrogen yields (Lewis et al. 1999; Lewis 2002). In these studies,
variation in runoff among catchments was related to differences
in vegetation, elevation and precipitation, with higher runoff
observed in forest-dominated catchments. In the Guare, steep
headwaters are covered primarily by forest (correlation between
average slope and forest: r=0.728 po0.003) and this relationship
is consistent with the high correlation observed between forest
and nitrate concentration among mainstem sites (Table 2). In
addition, occasional nitrate concentration measurements in head-
water forested catchments of the Guare showed values of
600mg L1 (M. Castillo, unpublished data), which are similar to
those found in Agua Frı´a and Las Dolores. This observation
suggests that steep forested areas could represent an important N
source, although further research is needed to conﬁrm this result
and identify the processes linked to N release, which are probably
related to N dynamics (ﬁxation and nitriﬁcation) and ﬂow
condition in forested slopes (McDowell and Asbury 1994; Castro
et al. 2007; Dittman et al. 2007).
Cropland can also contribute to the higher concentration
of nutrients in the upper tributaries. The catchment of mainstem
site 1 comprises 52% of the total cultivated surface and provided
79% of the nitrate transported by the Guare. In Las Dolores and
Agua Frı´a, where nitrate concentrations and yields were highest,
cropland represents 45 and 22% of the catchment land use,
respectively. Cropland can be the main source of N in some
catchments due to fertilizer application, N ﬁxation by crops and
imports of animal food (Howarth et al. 1996; Boyer et al. 2002;
Borbor-Cordova et al. 2006; Lefebvre et al. 2007). In addition,
vegetation removal, soil disturbance and decomposition of crop
residues can also enhance N export (David et al. 1997; Mathers
et al. 2007). Nitrate concentrations and yields in Agua Frı´a and
Las Dolores were lower than those reported in some agricultural
catchments in North America (David and Gentry 2000; Kemp and
Dodds 2001; Royer et al. 2004); however, values were higher than
the average yields reported by Lewis et al. (1999) for undisturbed
tropical watersheds. In the Guare, the percent of cropland in the
catchment explains a large part of the variation in nitrate yield
along mainstem sites. This relationship has been observed in
many studies conducted primarily in the temperate zone (Jordan
et al. 1997; Castillo et al. 2000; Ekholm et al. 2000; Jones et al.
2001; Boyer et al. 2002; Filoso et al. 2003; Strayer et al. 2003;
Brodie and Mitchell 2005); results for the Guare conﬁrm the
importance of croplands for nitrate export in tropical catchments.
Longitudinal trends in N concentrations and loads can be
explained by the location of N sources and in-stream removal
processes. The high proportion of forested slopes and croplands in
the upper basin can enhance N export, resulting in high
concentrations of N in the upper sites. The longitudinal decrease
in average concentrations is best explained by N removal by in-
stream processes, such as benthic algal N uptake and denitriﬁca-
tion, than by a dilution effect, because the N load decreased ﬁve-
fold between mainstem sites 3 and 8 in the dry season (Fig. 4A).
Dense algal mats developed during the dry season in the lower
reaches of the Guare River, where the riparian canopy was more
open and low ﬂow conditions during this period favor algal
growth. During the wet season, nitrate load did not increase
proportionally to discharge along the mainstem sites, suggesting
that nitrate retention can also be occurring during this period.
M.M. Castillo / Limnologica 40 (2010) 322–329328This study suggests that algae can reduce N concentrations, as
have been reported elsewhere (Sabater et al. 2000; McKnight et al.
2004; Roberts and Mulholland 2007). Although denitriﬁcation
rates for the Guare are unknown, dry season conditions may favor
this process; low ﬂows can enhance the interaction between
sediments and water (Mulholland et al. 2004) and the growth
of algal mats can provide anaerobic zones for denitrifying bacteria
(Kemp and Dodds 2002a, b). Although in-stream processes
probably inﬂuenced the seasonal variation of nitrate concentra-
tion and load, further research is necessary to assess the potential
role of algae and denitriﬁcation.
The marked temporal pattern of nitrate in the Guare following
the changes in discharge suggests that watershed soils, rather
than point source discharges, were the main source of N in the
catchment. Similar nitrate concentrations and discharge patterns
have been observed in montane forests in Ecuador and Peru,
where catchment soils were the main sources of nitrate (Ramos et
al. 2003; Goller et al. 2006). In agricultural catchments where
groundwater represents a signiﬁcant source of nitrate, higher
concentrations are observed in streams at baseﬂow when ground-
water contribution to the discharge is higher (Kemp and Dodds
2001). In the Guare, lower concentrations of nitrate were observed
during the dry season, probably explained by lower nitrate
inputs due to reduced rainfall and runoff. Under dry conditions,
nitrate can accumulate in soils due to the mineralization of
organic N, lower demand by the vegetation, and reduced
percolation (Cambardella et al. 1999; Vink et al. 2007). In addition,
in-stream processes such as decomposing leaf litter and increased
algal growth can also contribute to decrease N concentrations
during the dry season. In undisturbed streams in Puerto Rico,
lower N concentrations were observed during periods of peak
litter fall, suggesting that decomposing leaf litter can contribute to
N immobilization in the forest ﬂoor and in the stream channel
(McDowell and Asbury 1994). During the wet season, interception
of shallow subsurface ﬂow with soil organic layers can enhance
the ﬂushing of nitrate accumulated during the dry season
or produced by enhanced mineralization due to more humid
conditions during the rainy period (Creed et al. 1996; Welsch et al.
2001; Goller et al. 2006).
The upper basin also represents the main source of P in the
Guare, inﬂuencing the patterns of P concentration and yield.
The catchment above mainstem site 3 provided on average 78% of
the P transported by the Guare River at site 8, probably due to
the inputs from agricultural activities and urban discharges
combined with the high slopes of the upper basin. The inﬂuence
of P inputs from the population was evident between Emilia 1 and
3 sites, where concentration increased twofold and load four
times, probably due to wastewater discharges from Altagracia de
la Montan˜a and other villages (Figs. 2B and 4B). Despite the
inﬂuence of urban discharges on P concentrations at Rı´o Emilia,
the regression models for SRP and total P yield included cropland
and slope rather than population density. Slope and cropland have
been correlated to P concentration in other studies (Ekholm et al.
2000; Tong and Chen 2002; Little et al. 2003). Steep areas can
exhibit higher surface runoff, which can enhance the transport
of particulate and soluble P from diffuse sources (Ekholm et al.
2000). Therefore, the location of croplands in steep areas of
the Guare catchment likely enhances P export from the watershed
soils.
In the Guare, inputs from point and non-point sources
probably change their relative importance throughout the year.
An increase in P concentration, particularly SRP, during the dry
season and the beginning of the wet season suggests that point
source discharges could be relevant during this period, when
inputs from diffuse sources are lower due to decreased runoff.
Point source inputs, which are generally dominated by solubleforms (Mainstone and Parr 2002), were primarily represented in
the Guare by untreated wastewater discharges from houses
and poultry farms along the river and its tributaries. During the
periods of higher discharge, inputs from diffuse sources probably
increased as a result of higher runoff. Inputs during this period
were signiﬁcant because P load increased several fold despite the
small variation in concentrations. The change in the relative
importance in P sources throughout the year probably explain the
dominance of soluble forms during periods of lower discharge and
the greater difference between total P and SRP concentrations as
discharge increases (Fig. 5).
In the Guare River, both natural and anthropogenic features of
the upper catchment had a strong inﬂuence on nitrate and
phosphorus temporal and spatial patterns. This inﬂuence is likely
the result of the interaction of topography with land use and
cover. Although cropland was identiﬁed as an important predictor
of nutrient export, areas with high slopes and runoff inﬂuenced
nutrient levels and it is not clear at this point how land use affects
this inﬂuence. Seasonal patterns in concentrations suggest that
the catchment soils are the main source of nutrients rather than
point sources, although wastewater discharges from the popula-
tion are likely to contribute to the P transported by the river.
Besides the inﬂuence of landscape features, the longitudinal trend
in nitrate suggests that this element is being removed in the lower
reaches, so probably in-stream processes are also inﬂuencing
nitrate patterns in the Guare River. Therefore, the role of both
export mechanisms from the upper part of the basin and removal
processes in the lower reaches need further research to under-
stand the dynamics of nutrients in the Guare River.Acknowledgments
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